We report on extensive relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) spectrum calculations for Sb IV. Energies, LS-compositions and Landé g J -factors for 60 oddand even-parity states are computed along with lifetimes and rates for transitions between these states. Results for the 5s 2 1 S 0 -5s5p 3 P o 0 hyperfine-induced transition are also presented. Valence and core-valence electron correlation effects are accounted for by explicit configuration interaction. The calculated energies agree very well with experiment, but the labelling of some of the odd states is ambiguous due to close degeneracies between the 5p5d, 5s7p and 5p6s configurations. Computed lifetimes of the excited states are compared with values from cascade-corrected beam-foil measurements.
Introduction
Three-times ionized antimony (Sb IV) belongs to the Cd isoelectronic sequence and the ground state is 5s 2 1 S 0 . A revised and extended analysis by Rana et al [1] established 48 low lying levels. Based on multiconfiguration HartreeFock calculations with relativistic corrections (HFR) and leastsquares-fitting (LSF) calculations, the same authors predicted some additional eight level positions. Pinnington et al [2] performed decay-curve analysis, incorporating the arbitrarily normalized decay curve (ANDC) method to correct for cascade effects, on beam-foil spectra to derive lifetimes for nine upper states involved in the resonance transitions.
On the theoretical side, work has been devoted to the allowed and spin-forbidden 5s 2 1 S-5s5p 1,3 P o 1 transitions, but comparatively little is known for more excited states. Migdalek and Baylis [3] used a limited relativistic configuration mixing and a polarization model to obtain rates of 5s 2 1 S-5s5p 1,3 P o 1 in the Cd isoelectronic sequence. Chou and Huang [4] applied the multiconfiguration relativistic random-phase approximation on the same transitions. Other theoretical results are due to Lavin et al [5] who used the relativistic quantum defect orbital method with and without an explicit account for corevalence correlation with the singlet-singlet transition and to Biémont et al [6] who used the relativistic Hartree-Fock approach, including a core-polarization potential, and the multiconfiguration Dirac-Fock method, taking the valence and core-valence correlation effects into account.
The purpose of this work is to improve and complement the dataset for Sb IV, especially for the more excited states, and to explore the capacity of the GRASP2K multiconfiguration Dirac-Hartree-Fock (MCDHF) package [7, 8] to predict transition rates in 'spectrum calculations' including states high up in the Rydberg series. Sb IV remains a challenge due to close degeneracies between the 5p5d, 5s7p and 5p6s odd-parity configurations. To facilitate a comparison with experimental data in this case, a transformation between the j j-and LSJcoupling schemes becomes crucial [9, 10] .
Computational procedure
The relativistic MCDHF method is described in great detail in a recent book by Grant [11] . Here we just give a brief outline of the method. Starting from the Dirac-Coulomb Hamiltonian for an N-electron system
where V N is the monopole part of the electron-nucleus Coulomb interaction, the atomic state functions (ASFs) describing the studied fine-structure states are obtained as linear combinations of symmetry adapted configuration state functions (CSFs),
In the expression above, P, J and M J are the parity and the angular quantum numbers. γ denotes other appropriate labelling of the CSF, for example, orbital occupancy, and coupling scheme. The CSFs are built from products of one-electron Dirac orbitals. In the relativistic self-consistent field (RSCF) procedure, both the radial parts of the Dirac orbitals and the expansion coefficients are optimized to selfconsistency. The Breit interaction 
as well as leading quantum electrodynamic (QED) corrections can be included in subsequent relativistic configuration interaction (RCI) calculations [12] . Calculations can be performed for single levels, but also for portions of a spectrum in the extended optimal level (EOL) scheme, where optimization is on a weighted sum of energies [13] . Using the latter scheme, a balanced description of a number of fine-structure states belonging to one or more configurations can be obtained in a single calculation. All calculations were performed with a new release [7] of the GRASP2K code [8] .
Computation of atomic properties
Once the ASFs have been obtained, measurable properties such as hyperfine structures, Landé g J -factors and transition rates can be expressed in terms of reduced matrix elements of tensor operators of different rank,
Inserting the CSF expansions, the expression above reduces to a sum over matrix elements between CSFs. Using Racah algebra techniques, these matrix elements, in turn, can be obtained as sums over radial integrals [14] .
Hyperfine structure
In atoms with non-zero nuclear spin, I, the fine-structure levels are split into closely spaced hyperfine levels. The splittings of the fine-structure levels are to first order given by the magnetic dipole, A J , and electric quadrupole, B J , hyperfine interaction constants,
where the reduced matrix elements are defined in the Brink and Satchler sense [15, 16] . The hyperfine levels of closely spaced fine-structure levels are also affected by the off-diagonal hyperfine interaction that mixes states with different J values and opens forbidden decay channels such as 5s 2 1 S 0 -5s5p 3 P o 0 , see for example [17] [18] [19] . The nuclear magnetic dipole moments, μ I , and the nuclear quadrupole moments, Q, for the different isotopes were taken from a compilation by Stone [20] .
Landé g J -factors
The Landé g J -factors are given by
and determine the splitting of magnetic sub-levels in external magnetic fields. In addition, they give valuable information about the coupling conditions in the system [21] . The Landé g J -factors were calculated using the Zeeman module of GRASP2K [22] .
Isotope shift
Corrections to the calculated energy structure due to isotopedependent recoil motion of the nucleus and finite nuclear volume effects were included in first-order perturbation theory with the ASFs as zero-order functions. The corrections, within the lowest-order relativistic approximation (v 2 /c 2 ) and to first order in m e /M, can be written [23, 24] as
where
and
are, respectively, the normal and specific mass shift parameters. The expectation value
gives the electron density at the site of the nucleus. M is the mass of the nucleus and r 2 M is the root-mean-square radius, both in atomic units. From these quantities, the transition isotope shift E M ,M between two isotopes M and M was obtained as
where the differences in the electronic quantities are between the values of upper and lower levels in the transition. The isotope shift parameters were calculated using a new isotope shift module RIS [25] of the GRASP2K package.
Transition parameters
The transition parameters, such as rates for spontaneous decay, for multipole transitions between two atomic states γ PJM J and γ P J M J can be expressed in terms of the reduced matrix elements,
k is the electromagnetic multipole operator of order k in length (Babushkin) or velocity (Coulomb) gauge [26] . The superscript designates the type of multipole: λ = 1 for electric multipoles and λ = 0 for magnetic multipoles. Standard Racah algebra assumes that the ASFs are built from the same orthogonal radial orbital set [14] . However, this restriction can be relaxed. To compute transition matrix elements between two ASFs described by independently optimized orbital sets, transformations of the ASFs are performed in such a way that the orbital sets become biorthogonal, in which case the calculation can be handled using standard techniques [27, 28] .
Calculations

Spectrum
It is, from some perspectives, desirable to perform separate calculations for each of the studied fine-structure states. This approach, however, is impractical and time consuming when considering large portions of a spectrum. In this work, the ASFs were instead determined simultaneously in EOL calculations on the weighted energy average of the fine-structure states [13] . As a starting point, two MCDHF calculations were performed in the EOL scheme: one calculation with CSFs describing the 24 even-parity states from the 5s 2 1 S 0 ground state up to 5s8s 1 S 0 , and one calculation with CSFs describing the 36 odd-parity states from 5s5p 3 P o 0 up to 5p6s 1 P o 1 . To correct for electron correlation effects, these calculations were followed by calculations with expansions including CSFs obtained by single (S) and double (D) excitations from, respectively, the studied even-and odd-state reference configurations to active sets of orbitals. Of the excitations from the even-and odd-state reference configurations, at most one was allowed from the outer 4d core shell. The 1s, 2s, . . . , 4s, 4p core shells are all kept closed. The active sets for the even-and odd-parity states, consisting of spectroscopic orbitals from the initial MCDHF calculations, were consecutively enlarged by adding four layers of correlation orbitals. Each layer contained orbitals with s, p, d, f, g symmetries (in non-relativistic notation). Two layers also included orbitals with h symmetry. Due to stability problems in the RSCF procedure, only the outermost layers of orbitals could be optimized each time. The largest calculation for the even-parity states included 66 relativistic orbitals and more than 217 000 CSFs distributed over the J = 0, 1, 2, 3, 4, 5 symmetries. The largest calculation for the odd-parity states was based on 68 relativistic orbitals and around 373 000 CSFs with symmetries J = 0, 1, 2, 3, 4. The MCDHF calculations were complemented by final RCI calculations, where the Breit interaction was added to the electron-electron Coulomb interaction.
Ground and first excited states
In EOL calculations, the included correlation orbitals correct the wavefunctions for a number of fine-structure states at the same time. Obviously this will give less accurate results compared with the case where the correlation orbitals are obtained in separate calculations for each of the states. To check the accuracy of the spectrum calculations described above, separate calculations were performed for the 5s 2 states were treated together in an EOL scheme. The expansions for these states were obtained by allowing SD excitations from the 5s5p and 5p5d complex to an active set. The active sets were increased by adding five layers of correlation orbitals. All calculations were followed by RCI calculations including the Breit interaction. To account for spin-and orbitalpolarization, additional RCI calculations were performed with the expansions from the previous RCI calculations augmented by CSFs generated by allowing single excitations from all core shells of the initial reference configurations to the active set of orbitals [29] . Although the radial orbitals are optimized on valence-and core-valence effects, and thus do not have the optimal location for accounting for spin-polarization effects, this approach has previously been shown to be quite successful [30] .
Results and discussion
Spectrum properties
Energy values from the spectrum calculations are displayed in [1] . The latter energies are denoted by * . The last column, labelled 'Diff', gives differences in energy between experiment and the largest calculation-based four layers of correlation orbitals. In some cases, the level designations do not agree with the ones given by Rana et al [1] . Whenever this is the case, the designation from the latter work is given in parentheses on the line below. Note that we have retained the designation 5p5d 3 in the HFR calculations). These differences reflect the combined uncertainty of the two calculations. The labels for some of the levels are not consistent with the ones given by Rana, and in these cases, the corresponding label from the latter work is given in parentheses on the line below.
In relativistic calculations, the states are normally given in j j-coupling. To obtain more appropriate labels, we have performed a transformation to the LSJ coupling scheme. The transformation procedure was developed by Gaigalas and coworkers [9, 10] and adapted for large-scale calculations in the new release of the GRASP2K code [7] . In table 1, we give LS-compositions of the even and odd states. We also give the Landé g J -factors, which provide information about the splittings of magnetic sub-levels in external magnetic fields. The 5p5d, 5s7p and 5p6s odd configurations overlap, with average energies of 266 210, 271 183 and 276 773 cm −1 , respectively, and there is considerable configuration mixing for several states, making it difficult to assign a proper label. In the analysis by Rana et al, the positions of the levels of the 5s7p configuration could not be experimentally established and they had to guess the average energy in the HFR calculation. As commented by Rana et al, a slight shift in the average position of 5s7p has a dramatic effect on the LS-composition. Traces of this problem can be seen for the 5p5d 3 Weighted oscillator strengths and transition rates for spontaneous emission are presented in table 3. Rates are based on computed transition energies. Length gauge has been used for the transitions. To assess the accuracy of the computed values, also the ratios, R, between the rates in the length and velocity gauges are given. In most cases, the ratio is close to 1, but for some of the weaker transitions, values in the two gauges differ substantially, giving ratios far from 1. The weakness of a transition frequently comes out as a result of cancellation between a number of large contributions or between different parts of the radial transition integrals [31] . A small imbalance due to correlation effects may thus change the calculated transition probabilities dramatically in one of the gauges. It is difficult to infer the accuracy of the computed transition parameters, but weak transitions with values of R far from 1 are associated with rather large uncertainties.
One may note that there are several strong transitions between states belonging to configurations differing by more than one electron. One example is the 5s7p 1 P o 1 -5p 2 1 D 2 transition with the rate 1.19 × 10 9 s −1 . These transition rates are identically zero in the independent particle model, and become allowed only due to configuration interaction effects [29] .
The resonance transition
In Table 2 . Lifetimes in ns. τ RCI : this work; τ exp : beam foil; τ C : Coulomb approximation; τ HFR : Hartree-Fock calculation including configuration interaction. The calculated lifetimes in the Coulomb approximation and using the HFR approximation are quoted from the paper by Pinnington et al [2] . When the level designation does not agree with the one given by Rana et al [1] , the designation from the latter work is given in parentheses. , the theoretical transition rates seem to be somewhat larger than the rate derived from the beam-foil lifetime measurement by Pinnington et al [2] .
Hyperfine-structure constants obtained from the RCI wavefunctions including spin polarization are displayed in table 5. Both diagonal and off-diagonal parameters are shown. The diagonal and off-diagonal constants show a similar convergence pattern, and are fairly stable after three layers of correlation orbitals.
In table 6, the differences S nms , S sms and ρ(0) between the upper and lower state isotope shift parameters in the 5s 2 1 S 0 -5s5p 3 P o 1 transition are shown as functions of the increasing active set of orbitals. The computed quantities converge after three layers of correlation orbitals. Combining the computed differences in electronic quantities with differences in nuclear masses and charge radii according to equation (12) 2 . The nuclear masses were taken from the tables by Audi et al [33] . As expected for such a heavy system, the shift is dominated by the volume effect. To estimate the accuracy of the calculated isotope shift, we may look at the isotope shift for the 5s 2 1 S 0 -5s5p 3 P o 1 transition in In II. Calculations similar to the ones presented here predicted the 115, 113 In isotope shift to be −0.515 GHz [30] . This should be compared with the most recent values of the shift that gives −0.695 76(0.168) GHz [34] , i.e. indicating an error of around 30% in the calculations. Provided that the difference in charge radii for Sb is known with the same accuracy as the difference in charge radii for In, we can expect that the calculated 123,121 Sb isotope shift is associated with an error of the same magnitude. where I is the nuclear spin and F (= I) is the total angular momentum quantum number. The use of quotation marks in the left-hand wavefunction emphasizes the fact that the notation is just a label indicating the dominant character of the eigenvector. Clearly, the one-photon 5s5p 3 
The
where the decay rate is in s −1 and λ is the wavelength inÅ for the transition. 5s 2 [19] . The reduced transition matrix elements can be obtained as square roots of the corresponding line strengths. The phase is such that we have constructive interference. To obtain a good value for the rate, both the hyperfine interaction and the transition matrix elements must be calculated with high accuracy. The off-diagonal magnetic hyperfine interaction constants needed to construct the Hamiltonian matrix elements are given in table 5. The reader may consult [29] for explicit formulas relating the interaction constants and the matrix elements. transition from RCI calculations with increasingly large configuration expansions. The first active set consists of the 5s, 5p−, 5p, 5d−, 5d orbitals in the complex. The active set is enlarged by up to five layers of correlation orbitals. state in 115 In + . This is in excellent agreement with the most recent experimental value τ = 0.195(8) s [35] . Based on the reasoning that the present calculation predicts hyperfine structure and transition rates with the same accuracy as in In II, we may expect the lifetimes of the 3 
Conclusion
This work reports on extensive calculations for the level energies, lifetimes, Landé g J -factors and transitions rates of the triply ionized antimony (Sb IV). Using the new release of GRASP2K [7] , we describe 24 even-parity states, from 5s 2 1 S 0 to 5s8s 1 S 0 , and 36 odd-parity states, from 5s5p 3 P o 0 to 5p6s 1 P o 1 . The obtained theoretical data are in good agreement with available experimental data. There is also a good consistency with the theoretical calculations by Rana et al [1] , although some problems of labelling remain due to the close degeneracy between odd-parity configurations. For testing the accuracy of our spectrum calculation, we perform separate calculations, for describing as best as possible the ground and first excited states. There is very good agreement for the predicted properties using either the spectrum or separated calculations. We use the highly correlated wavefunction from the calculations of the ground and first excited states for evaluating the isotope shift in the 5s 2 transition.
